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Nodata exist regarding the ability of magnetic resonance
imaging to assesscardiac sizeand performance in human
beings. Therefore, measurements of cardiac dimensions
by magnetic resonance imagingwere compared with those
obtained by two-dimensional echocardiography in 21
normal subjects. Magnetic resonance transverse cardiac
sections were obtained during electrocardiographic gat-
ing using a spin echo pulse sequence. In normal subjects,
magnetic resonance imaging yielded a range of values
for cardiac dimensions having a similar standard devia-
tion as that of two-dimensional echocardiography. Di-
astolic measurements of the aorta, left atrium, left ven-
tricle and septum obtained by magneticresonance imaging
correlated well with those obtained by two-dimensional
echocardiography (r = 0.82, 0.78, 0.81 and 0.75, re-
spectively). The correlation coefficient of r =0.35 ob-
Magnetic resonance imaging has emerged as a new non-
invasive technique for visualization of internal organs. Pro-
tons (hydrogen nuclei) are among the most easily detected
of the magnetic resonance-sensitive nuclei, and their high
concentration in biological systems makes them ideal for
imaging (I). In the technique most commonly applied at
present, image intensity depends on proton density, motion,
spin-lattice (T\) and spin-spin (T2) relaxation times (2).
Cardiac motion has profoundly influenced the application
of magnetic resonance imaging to the cardiovascular sys-
tem. On one hand, the loss of signal intensity from flowing
blood can help generate high contrast between cardiac cham-
bers or vascular structures and the blood, enhancing the
delineation of cardiac chambers (3). Conversely, moving
nuclei, such as occur in the heart, usually result in loss of
magnetic resonance signal (2). High resolution cross-sec-
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served for the posterior wall thickness was not surprising
in view of the narrow range of normal values. Only a
general correlation (r = 0.53) existed for the right ven-
tricular diastolic dimension; this was probably related
to the difficulty in obtaining representative measure-
ments due to the complex geometry of this chamber.
Failure of systolic dimension measurements by mag-
netic resonance imaging to correlate with those obtained
by echocardiography is probably related to limitations
of electrocardiographic gating, especially of determining
the exact end-systolic frame. Although technically com-
plex at present, magnetic resonance imaging does pro-
vide an additional noninvasive technique for measure-
ment of cardiac size.
(J Am Coli CardioI1985;5:1369-76)
tional images of the heart have recently been obtained by
electrocardiographic gating of proton imaging (3,4). Al-
though cardiovascular structures have been readily delin-
eated with such gated (3-5) magnetic resonance, few data
exist regarding the accuracy of the cardiac measurements
obtained or their correlation with those by other noninvasive
techniques. Therefore, our study was undertaken to compare
cardiac dimensions obtained by gated magnetic resonance
imaging with those by echocardiography in normal subjects.
Methods
Subjects. The study group consisted of 21 clinically nor-
mal volunteers whose history, physical examination, chest
X-ray film, electrocardiogram and echocardiogram revealed
no evidence of cardiac disease. The group consisted of 7
women and 14 men, all of whom underwent echocardiog-
raphy and gated magnetic resonance imaging performed
within 48 hours of each other. Informed consent was ob-
tained from all volunteers. They ranged in age from 19 to
43 years, and in body surface area from 1.37 to 2.2 nr'.
Electrocardiographic rhythm strips showed sinus rhythm,
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rate 58 to 88 beats/min, with a 5 to 15% variation in RR
intervals in all subjects.
Echocardiography. All echocardiographic examina-
tions were performed in the standard manner using com-
mercially available equipment (ATL M-600). The two-di-
mensional echocardiographic views recommended by the
American Society of Echocardiography (6) were used to
examine the aorta, left atrium, left ventricle in diastole and
systole, right ventricle in diastole and left ventricular wall
thickness and shortening fraction (Fig. 1 to 3). The right
ventricle was measured just below the tricuspid anulus using
the apical four chamber view (Fig. 3) (7). The aortic di-
mension was taken from the anterior or leading edge of the
two walls of the aorta at the Q wave and at the P wave.
The left atrial dimension was taken as the distance between
the anterior portion of the posterior aortic wall echo and the
anterior surface of the posterior left atrial wall echo, again
at the Q wave and at the P wave. The dimension of the left
ventricle was taken at the level of the chordae from the
anterior edge of the left side of the septum to the leading
Figure 1. Measurement of the aorta and left atrium in diastole.
A, A standard parasternal short-axis echocardiogram. Note the
right atrium (RA), left atrium (LA) and aorta (Ao) with the aortic
valve leaflets closed during diastole (arrow). The vertical white
line represents the location for measurement of the aorta and left
atrium. B, Magnetic resonance transverse projection through the
left atrium and aorta. The closed aortic valve with three leaflets
is demonstrated. Note the slightly different tomographic plane
imaged by each technique.
edge of the posterior left ventricular endocardium. The left
ventricular diastolic dimension was taken at the Q wave and
at the P wave, while the systolic dimension was taken as
the smallest left ventricular dimension. Wall thickness for
the septum was measured from the anterior surface of the
right to the anterior surface of the left septal echo . The
posterior wall thickness was taken from the anterior surface
of the posterior left ventricular echo to the anterior surface
of the posterior left ventricular epicardium. All measure-
ments represent the mean of three cardiac cycles.
Magnetic resonance imaging. A 0.15 tesla, 53 em bore
resistive magnet (Technicare) was used for magnetic reso-
nance imaging. The resonance frequency for hydrogen is
6.25 MHz with this device. An electrocardiographic signal
was obtained from standard surface electrodes placed dis-
tally on both arms and on the right lower leg. Individual
tomographic sections through the mediastinum were per-
formed in conjunction with an electrocardiographic telem-
etry gating device . The initial transverse section was taken
at the level of the sternal angle and was gated to late diastole .
The position of the patient within the magnet was then
adjusted by multiples ofO.S cm in the longitudinal axis until
separate transverse images through the aortic valve and at
the tip of the papillary muscles or chordae tendineae were
obtained. Without moving the patient, the transverse image
at the level of the papillary muscle or chordae tendineae
was repeated, but gated to systole rather than diastole. Data
acquisition for each transverse image required 5 to 11 min-
utes, depending on the heart rate.
The pulse sequence utilized for magnetic resonance im-
aging was spin echo, using a 30 ms delay between the 90Q
pulse and 180Q spin echo pulse. Each pulse has a Gaussian
profile and a duration of 2 ms. The total pulse sequence,
which required 60 ms, was initiated at an operator-defined
interval after the peak of the QRS complex. The intervals
were selected on the basis of a lead I rhythm strip obtained
immediately before the volunteer entered the magnet. For
diastolic measurements, 60 ms was subtracted from the
shortest RR interval and the difference used as the operator-
defined delay (the delay from the peak of the R wave until
the initiation of the pulse sequence). For systolic measure-
ments, the delay was selected so that the pulse sequence
would occur during the terminal portion of the T wave.
Thus, for systole, 60 ms was subtracted from the interval
between the peak of the R wave and the end of the T wave
to calculate the delay.
The imaging was performed by the direct Fourier type
ofspatial encoding . also referred to as phase-encoding gra-
dients. All images contain 512 points in the time data and
horizontal image axis, although only the central 256 points
are displayed. All images were performed with 128 gradient
steps in the vertical image axis. The image was then inter-
polated from 128 to 256 points in the vertical direction .
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Figure 2. Left ventricular measurements.
Upper panels, Parasternal long-axis two-di-
mensional echocardiogram duringdiastole and
systole. The vertical white line traverses the
area where the left ventricular(LV) diastolic
and systolic dimensions and wall thickness
measurements were obtained. Lower panels,
Transverse magnetic resonance image sev-
eral centimetersbelow the level of Figure I,
with diastole to the left and systole on the
right. The white line is at the tip of the pap-
illary muscle and shows the location of the
measurements made on magnetic resonance
imaging. Notice the wall thickening in both
the upper and lower panels during systole
and the shortening of the left ventricular
dimension.
Figure 3. Right ventricularmeasurements. A, Apical four cham-
ber echocardiogram. The white line is just below the tricuspid
anulus. B, The same magnetic resonance transverse section as
shown in Figure 2, except the white line now demonstrates the
location for measurement of the right ventricular (RV) diastolic
dimension. Other abbreviations as in Figure I.
Each slice was 15 mm in thickness. Using the body coil,
the resolution was 1.8 mm in the horizontal and 3.6 mm in
the vertical direction.
The measurement conventions for magnetic resonance
imaging were similar to those for echocardiography. Left
atrial and aortic magnetic resonance measurements were
made from the transverse section through the aortic valve
leaflets. Meaurements of both the aorta and left atrium were
from anterior to posterior wall (Fig. 1). The left and right
ventricular cavity and left ventricular wall thickness mea-
surements were made as shown in Figures 2 and 3. The left
ventricular measurements were made along a line drawn
perpendicular to the septum and the posterolateral left ven-
tricular wall and positioned to bisect the left ventricular
cavity. Shortening fraction (SF) by both echocardiography
and magnetic resonance imaging was calculated as: the end-
diastolic dimension (EDD) minus the end-systolic dimen-
sion (ESD) divided by the end-diastolic dimension (SF =
EDD - ESD/EDD). The right ventricular diastolic dimen-
sion was measured at the tricuspid anulus, from the right
ventricular free wall to the right side of the septum (Fig.
3).
For calibration of magnetic resonance measurements, a
plastic phantom of known dimensions was filled with a
paramagnetic (nickel nitrate) solution and imaged on several
occasions during the course of the study.
Reproducibility. To determine the interobserver error
for magnetic resonance imaging and echocardiography, 10
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Table 1. Correlation of Echocardiographic and Magnetic
Resonance Imaging Dimensions for Echocardiographic
Measurements Taken at the Q Wave and Peak of the P Wave of
the Electrocardiogram
Correlation Coefficient
Q Wave P Wave
Aorta 0.79 0.82
Left atrium 0.62 0.78
Left ventricle 0.64 0.81
Septum 0.60 0.75
Posterior wall 0.31 0.35
studies were randomly selected and measured by two in-
dependent observers who were unaware of each other's re-
sults. To determine the intraobserver variability for both
techniques, measurements for 10 studies were made by one
observer on two occasions 6 months apart .
Statistics. The mean value ± standard deviation for
each cardiac dimension was calculated separately for echo-
cardiography and magnetic resonance imaging . Paired t tests
were used to compare these dimensions. Linear regression
analysis was performed between values for cardiac dimen-
sions obtained by echocardiography and magnetic resonance
imaging. All reviews of data were blinded.
Results
Magnetic resonance imaging studies required I to 2 hours
for completion, while echocardiographic data were collected
in 30 minutes. Cardiac chambers and vascular structures
were clearly defined with both echocardiography and gated
magnetic resonance imaging during systole and diastole in
all volunteers (Fig. 1 to 3).
Comparison of magnetic resonance and echocardio-
graphic dimensions. Table I displays the results of the
correlation of echocardiographic dimensions performed at
various phases of diastole with those obtained by magnetic
resonance imaging. Echocardiographic measurements taken
at the P wave correlated better with measurements by mag-
netic resonance imaging than did those taken at the Q wave
for all cardiac structures examined . Thus, further compar-
isons of diastolic magnetic resonance and echocardiographic
dimensions will refer to those taken at the P wave. The
results of comparisons of diastolic magnetic resonance and
echocardiographic measurements for both systole and di-
astole are summarized in Table 2. Using the paired t test,
no significant differences were observed between mean val-
ues (± standard deviation) for both methods for the aorta,
left atrium, right ventricle in diastole , left ventricle in sys-
tole, shortening fraction and septal and posterior wall thick-
ness. The left ventricular diastolic dimensions measured
using magnetic resonance imaging were significantly smaller
than the echocardiographic dimensions (p < 0.(01). Mean
values for all dimensions were within 3 mm for both methods.
The scatter plots and results of linear regression analysis
between cardiac dimensions by echocardiography and mag-
netic resonance imaging for individual measurements are
displayed in Figures 4 to 7. Despite the similarity of cardiac
dimensions by both methods, the correlation of measure-
ments was not always close within the small range of normal
values. The aortic diameter obtained with echocardiography
ranged from 2.3 to 3.8 em (Fig. 4). A good correlation
(r == 0.82) was observed between echographic and magnetic
resonance measurements of the aorta. Left atrial size ob-
tained with echocardiography ranged from 1.8 to 3.6 em
and showed good correlation (r == 0 .78) with nuclear mag-
netic resonance imaging (Fig. 4) . Echocardiographic di-
mensions for the left ventricle ranged from 3.6 to 5.4 em,
and for the right ventricle from 2.1 to 3.9 em. Although a
good correlation (r == 0.81) existed between the left ven-
tricular dimensions by both methods, only a moderate cor-
relation (r = 0.53) existed for values of right ventricular
size by these techniques (Fig. 5). The range of left ven-
tricular dimensions at end-systole by echocardiography was
2.1 to 4.0 em with a moderate correlation (r = 0.53) with
the measurements by magnetic resonance imaging. Values
for left ventricular shortening fraction , which was based on
two variables , showed no correlation (Fig. 6). The corre-
lation coefficient for the septum (r == 0 .75) was superior to
that of posterior wall thickness (r = 0.35); the range of
posterior wall thickness measurements was only 0.7 to 1.3
em (Fig. 7) .
Table 2. Comparison of Magnetic Resonance Imaging (NMR) and Echocardiographic
(Echo) Measurements
Aorta (em)
Left atrium (em)
Left ventricle (diastole) (em)
Right ventricle (diastole) (em)
Left ventricle (systole) (em)
Shortening fraction (%)
Septal thickness (em)
Posterior wall thickness (em)
NMR
3. 1 ::!: 0.4
2.9 ::!: 0.4
4.2 ::!: 0.6
3.1 ::!: 0.6
3.0 ::!: 0.6
28 ± 10
1.0 ± 0.1
1.1 ± 0.1
Echo
3.0 ::!: 0.4
2.7 :!: 0.5
4.5 ::!: 0.5
2.8 ± 0.4
3.2 ± 0.4
31 ± 5
1.0 ± 0.2
1.0 ± 0.1
Correlation
0.82
0.78
0.81
0.53
0.53
-0.13
0.75
0.35
SEE
0.2
0.3
0.3
0.4
0.4
6
0.1
0.1
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Figure 4. Scatter plots for echocardiographic and
magnetic resonanceimaging measurements of the aorta
and left atrium in diastole.
Intra- and interobserver variability. The results of the
assessment of intra- and interobserver variability for mag-
netic resonance imaging are displayed in Table 3A. The
correlation between magnetic resonance imaging dimen-
sions obtained by the same observer and by two observers
was very good. The standard error of the estimate of the
second measurement, given the first measurement, varied
from 0.1 to 0.2 em for intraobserver comparison and 0.1
to 0.3 em for two observers. The absolute mean difference
for one observer was small (0.1 to 0 .2 em), and the absolute
mean difference between the two observers varied from O. I
em for wall thickness to 0 .3 em for the aorta and left atrium.
The results of the assessment of intra- and interobserver
variability for echocardiographic dimensions are shown in
Table 38 .
Discussion
Whereas echocardiography has been well standardized
(6,8- 12), magnetic resonance imaging is a new technique
and no data are available regarding its accuracy in assessing
cardiac size. This study shows that magnetic resonance im-
aging in normal subjects yields a range of values for cardiac
dimensions which is similar to that of echocardiography.
Diastolic magnetic resonance dimensions correlated well
with those obtained by two-dimensional echocardiography
except for those of the right ventricle and posterior wall
thickness. However, ventricular systolic dimensions as mea-
sured by magnetic resonance imaging failed to correlate well
with those obtained by echocardiography.
Validity of measurements. A number of previous stud-
ies have validated measurement s of cardiac size and per-
formance made by echocardiography with those obtained
from either cineangiography or direct anatomic or surgical
sources. Left ventricular dimension (8-10) , left atrial di-
mension ( I I) and left ventricular wall thickness measure-
ments (12) performed by echocardiography have been shown
to bear a good correlat ion to measurements obtained by other
techniques in normal subjects. Accordingly , the ability of
nuclear magnetic resonance tomographs to yield measure-
Left Ventricular
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Right Ventricular
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Figure 5. Scatter plots for echocardiographic and
magnetic resonance imaging measurements of the
left and right ventricles in diastole.
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Figure 6. Scatter plots for echocardiographic
and magnetic resonance imaging measurements
of the left ventricular systolic dimension and
shortening fraction.
ments comparable with those obtained by echocardiography
substantiates that this technique can provide an accurate
portrayal of cardiac anatomy.
Selection of echocardiography as a standard. In ad-
dition to being a well validated technique, there were several
advantages in comparing magnetic resonance imaging with
echocardiography over other imaging techniques in this study
of normal volunteers. Both magnetic resonance imaging and
echocardiography are noninvasive techniques and do not
involv e exposure to ionizing radiation . Also , both methods
yield tomographic as opposed to silhouette images. Ac-
cordingly, as compared with cineangiography and radio-
nuclide angiography, echocardiography and magnetic res-
onance imaging provide simultaneous images of atria , aorta
and right and left ventricles , and the accuracy of magnetic
resonance imaging in measuring these structures could be
assess ed in this study. Further validation of magnetic res-
onance images will require comparison with cineangio-
graphic or direct anatomic studies , procedures not available
in these normal subjects.
Sources of error. The poor correlation between right
ventricular measurements by echocardiography and those
by magnetic resonance imaging is most likely related to the
complex geometric shape and anatomic configuration (7) of
this chamber which can make it difficult to obtain reliable
measurements with both techniques . The more symmetric
configuration of the left ventricle , left atrium and aorta make
the projection for measuring these chambers less critical
than that for the right ventricle . In addition , right ventricular
measurements by echocardiography are subject to technical
factors such as an inaccessible intrathoracic position, en-
docardial drop out and, often , the inability to image the
entire right ventricle (13). The poor correlation between
echocardiography and magnetic resonance imaging for pos-
terior wall thickness is not surprising in view of the narrow
range ( I. I ± 0.1 em) of measurements of the posterior
wall.
The failure of left ventricular systolic dimension and
shortening fraction measurements made by magnetic res-
onance imaging to correlate with those obtained by echo-
cardiography is probably related to the inability to rapidly
scan systole and, thus, to select the true end-systolic frame
with gated magnetic resonance imaging . Compounding the
inability of this gating technique to easily select the end -
systolic frame is the potential error introduced by variability
in RR intervals . Contributing factor s to this variability in-
Figure 7. Scatter plots for echocardiographic and
magnetic resonance imaging measurements of septal
thickness and posterior wall thickness.
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Table 3. Intra- and lnterobserver Variability for Magnetic Resonance Imaging and
Echocardiographic Dimensions
Correlation Abso\ute Mean
Coefficient SEE (em) Difference (em)
Intra/Inter Intra/Inter Intra/Inter
A. Magnetic resonance imaging
Aorta 0.94 0.97 0.2 0.2 0.2 0.3
Left atrium 0.93 0.89 0.2 0.2 0.2 0.3
Left ventricle (diastole) 0.98 0.96 0.1 0.2 0.\ 0.2
Right ventricle(diastole) 0.92 0.84 0.2 0.3 0.2 0.2
Left ventricle (systole) 0.97 0.91 0.2 0.3 0.\ 0.1
Septal thickness 0.92 0.93 0.1 0.\ 0.\ 0.1
Posterior wall thickness 0.97 0.88 0.1 0.1 0.1 0.\
B. Echocardiography
Aorta 0.94 0.89 0.\ 0.2 0.1 0.\
Left atrium 0.99 0.97 0.\ 0.\ 0.\ 0.1
Left ventricle (diastole) 0.94 0.94 0.2 0.2 0.1 0.\
Right ventricle (diastole) 0.84 0.94 0.3 0.1 0.\ 0.1
Left ventricle (systole) 0.97 0.94 0.1 0.\ 0.1 0.\
Septal thickness 0.85 0.87 0.\ 0.1 0.1 0.1
Posterior wall thickness 0.86 0.86 0.1 0.1 0.1 0.1
Inter == interobserver variability; Intra = intraobserver variability.
elude sinus arrhythmia and significant changes in heart rate
during the study (which requires 5 to II minutes for each
tomograph). The heart rate often peaked as the volunteer
entered the magnet, and diminished as they relaxed or even
fell asleep. The resultant gradual lengthening of the RR
interval may help explain the closer correlation of echo-
cardiographic measurements taken at the P wave, as well
as the slight difference in left ventricular diastolic dimen-
sion. The gating software required that the image be col-
lected at a set interval after the peak of the R wave, this
interval was selected on the basis of the preceding rhythm
strip, and could not be adjusted with the varying RRinterval.
Thus, the diastolic and systolic images were constructed
from slightly varying portions of late diastole or systole ,
respectively . Furthermore , with the electrodes attached to
the distal limbs , a low voltage electrocardiographic signal
or motion-related artifact occasionally caused triggering of
the pulse sequence.
Many of these difficulties related to gating may be over-
come in the future with high speed magnetic resonance
imaging techniques such as "echo-planar" imaging (14, 15).
This method has the potential to allow for acquisition of an
entire tomographic image in less than 100 ms. At present,
repeating and updating rhythm strips and imaging intervals
may help improve the correlation of diastolic and particu-
larly systolic measurements . In addition, use of multislice
techniques and superconducting magnets may also improve
the correlation.
Another source oferror is the differing tomographic planes
imaged by each technique. These planes, traversed by echo
and magnetic resonance, are very similar but not identical
(Fig. I) . The nuclear magnetic resonance transverse slice
is perpendicular to the long axis of the patient. In contrast,
the echocardiographic parasternal short-axis view is per-
pendicular to the long axis of the heart, which is oriented
leftward and somewhat anterior to the plane of the torso .
Clinical utility. The eventual role of magnetic reso-
nance imaging in cardiac evaluation relative to other im-
aging techniques is unclear at present. This study in normal
subjects demonstrates the ability of magnetic resonance im-
aging to provide a range of values for cardiac dimensions
of similar mean and standard deviation to that of echocardi-
ography . Other studies have shown the efficacy of magnetic
resonance imaging to provide useful information in con-
genital (16) as well as ischemic (acute and chronic) heart
disease (1,2) . Future areas of possible clinical efficacy in-
clude volume determinations (17), direct tissue character-
ization (18) , noninvasive regional blood flow measurements
(19) and assessment of regional myocardial metabolism in
vivo (20 ,21). Although technically complex at present,
magnetic resonance imaging does provide an additional non-
invasive technique for measurement of cardiac dimension
and assessment of wall motion. All patients with a regular
rhythm who can lie supine and do not have metallic implants
may be imaged. At present , there are no known health
hazards associated with the magnetic or radiofrequency fields
used in magnetic resonance imaging (22). Magnetic reso-
nance imaging is relatively new and the cost of an individual
study has not been well established. The initial cost of the
equipment is approximately $1.5 million, which is more
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than 15 times the initial cost of that for echocardiography.
For magnetic resonance imaging to beclinically efficacious,
especially in view of this expense, it will have to offer
advantages overother routinely available imaging techniques.
We express our appreciation to Ann Cochran for her valuable assistance
throughout the preparation of this manuscript.
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